Abstract-The use of second-generation high-temperature superconducting-coated conductors enables an enhancement of the performance of undulator magnets. However, preventing the motion of the wire and providing sufficient conduction cooling to the winding stacks have remained challenges. In this study, we have evaluated epoxy impregnation techniques to address these issues. Epoxy resin was prepared with different nanopowders and the effect on the performance of the undulator coil pack was investigated. All epoxy impregnated coils showed smaller n values and some degree of deterioration of the critical current I c . The I c degradation was most pronounced for epoxy mixed with high aspect ratio multiwalled carbon nanotubes (MWCNTs). It has been found that the crack formation in the epoxy results in plastic deformation of the copper stabilizer layer, which causes the underlying ceramic REBCO superconducting layer to crack resulting in degradation of the superconducting tape performance. Careful adjustment of epoxy thickness surrounding the superconductor and the powder ratio in the epoxy eliminate the performance degradation.
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I. INTRODUCTION

N
OW REBCO (RE = rear earth, barium, copper, oxide) coated conductor tapes are available with superior performances and are becoming viable candidates to be used in various applications [1] , [2] . Recent prototypes showed that RE-BCO tapes are suitable for use in undulators [3] , [4] enhancing their performances substantially [5] . In applications generating large forces or utilizing conduction cooling such as undulators, motion of the winding wires has to be prevented-the forces need to be distributed, and in conduction cooling, the winding stacks need to be uniformly and efficiently cooled to the lowest achievable temperature throughout the entire undulator magnet.
Electrically insulated, but thermally conductive epoxies are a natural choice for use in conduction cooled undulator magnets because they provide sufficient effective paths to cool the coil stacks in the magnets and also prevent electrical shorts. In addition, epoxy locks the windings in place and impedes the motion of wires which otherwise could result in deterioration of the superconductor tape's performance and the field quality of the device. While epoxy impregnated coils became more robust and relatively more uniformly cooled compared to the non-epoxied or dry wound coils, most of the impregnated REBCO coils showed lower n-values and degraded critical current, I c , values [6] - [8] . This has been mainly attributed to the weak c-axis delamination strength of REBCO conductors, which is primarily caused by the formation of unfavorable defect structures inside the REBCO, such as RE 2 O 3 aligned along the ab plane [9] , [10] . Thermal stresses that occur due to the mismatch in thermal expansion among the former, superconductor and epoxy have been claimed to give rise to this type of delamination [6] , [8] , [11] suggesting that the binding materials, such as epoxy, have to be compatible with the REBCO tapes. It has been shown that soft impregnation materials do not cause degradation [7] , [12] , [13] because these materials are too weak to build up high thermal stresses during cool-down and do not cause damage to the superconductor. However, whether the mechanical integrity is sufficient is still unresolved [14] . Typically, commercial resins have much higher thermal expansion coefficients (CTEs) [15] than the REBCO tapes requiring substantial modifications to make them compatible with REBCO tapes. In literature reports, epoxy resins are mixed with powders with low CTE in order to reduce the overall CTE. Barth et al., [16] , used a mixture of epoxy and silica powder and found no degradation in a vacuum impregnated ROBEL cable. Similarly, in this study, we have employed various epoxy-powder mixtures to vacuum impregnate REBCO undulator coils and investigated their effect on the undulator coil performance. The degradation mechanism due to epoxy impregnation of the REBCO coils are very complex. Here, we have also attempted to identify the underlying reasons for the degradation of the coils after the vacuum impregnation and following cold cycling at 77 K.
II. EXPERIMENTAL DETAILS
In this study, we used Araldite epoxy and Aradur hardener with mixing ratio of 10:1. Araldite epoxy systems offer several advantages: (1) It can be cured at room temperature which is important for the applications where stringent dimensions might be distorted due to a curing cycle at high temperatures. (2) It has proven to be resilient to the radiation environments [17] , [18] . (3) It can be mixed with powders having high thermal conductivity to large filling fractions (∼50%) to obtain better thermal conduction. In order to reduce the CTE and increase the thermal conductivity, we mixed the epoxy with diamond powder because it has a high thermal conductivity (∼ 2 kW/m · K) and high electrical resistance. We found that the bare epoxy has extremely low fracture toughness and it is susceptible to crack formation (see Fig. 1(a) ) following thermal cycles. Intro-1051-8223 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. ducing the diamond powder into the epoxy has increased the fracture toughness [19] , [20] and drastically reduced the number of cracks formed after a cold-shock (see Fig. 1(b) ). The primary reason for a crack to nucleate and propagate is the nonuniform temperature coupled to un-even shrinkage throughout the epoxy specimen resulting in thermal stresses. When these thermal stresses exceed the fracture strength, the cracks form and propagate depending upon the fracture toughness of the epoxy specimen. This is evident from Fig. 1(a) as the exterior regions of the epoxy sample displays more cracks then the central regions because thermal-gradient induced stresses more on the exterior regions where directly contact with the coolant. Reducing the CTE, increasing the thermal conductivity and fracture toughness of the epoxy-system reduces the thermal gradient and the thermal stresses and consequently the number of cracks after a cold cycle.
A. Coil Tests
In this study, 4 mm wide, 7.5 mol% Zr doped 2G-HTS tapes with the 20 µm all around copper stabilizer layer (40 µm in total) were used. We prepared 4 different racetrack coils that were impregnated using four different powders mixed with an epoxy component and tested them at 77 K. Details of the epoxypowder mixtures are provided in Table I . Each racetrack undulator coil was first dry-wound without any interlayer insulation onto a ferromagnetic core (see Fig. 2(a) ) and the epoxy/diamond powder mixture was poured and then degassed under vacuum of less than 10 −3 Torr inside a closed container. A picture of the impregnated coil is displayed in Fig. 2(b) . Here, this procedure of vacuum impregnation (VI) is called 'open VI' as opposed to a 'close VI', which uses an air-tight mold around the coil. The weight percentages of the powder are 40, 50, 10 and 8 for Al 2 O 3 (80 nm), Diamond (500 nm), SiO 2 (20 nm) and MWCNT (20 nm), respectively. The powder ratios were adjusted such that the viscosity of the mixtures are the same and suitable for an open VI. The larger particles thicken the epoxy less and more powder can be added into the mixture. It is important to note that the viscosity of the mixture should be lowered further in closed VI in order to draw epoxy easily. After the VI, coils were cured for 24 hours at room temperature. Each coil was first exposed to cold nitrogen gas and then slowly immersed into the LN 2 bath. The cool down time for each coil was ∼5 hours.
B. Short Sample Tests
In order to evaluate the effects of the epoxy impregnation on I c of the REBCO tapes in a relatively well-controlled environment, a different experimental scheme was prepared. In this set-up, a REBCO tape is located in a rectangular box-shaped container (see Fig. 3(a) ). Subsequently, the epoxy-powder mixture is poured in to the container, degassed and cured for 24 hours (see Fig. 2 . Photographs of the coil before the epoxy impregnation during winding (a) and after the epoxy impregnation with the epoxy/diamond powder mixture (b). The inset of (b) shows the crack on the pole side of the undulator core. Fig. 3 . Short epoxy sample with G10 walls before the epoxy impregnation (a) and after the epoxy impregnation (b). Fig. 3(b) ). We used the same epoxy formulations as in the coil tests; the epoxy used in sample 1 was filled with 80 wt. % Al 2 O 3 (50%) and diamond (50%) mixture. For samples 2, 3, 4 and 5 the filling ratios were 50 wt. % diamond, 10 wt. % SiO 2 , 8 wt. % MWCNTs and 40 wt. % Al 2 O 3 respectively. Typically, the epoxy forms thin coatings (couple of mm) on exposed surfaces of the coil when a mold is used and layers of few µm between the windings in a stack. However, in these free-standing tests, the epoxy was relatively thick (>5 mm). The thickness of the epoxy surrounding the tape is important as the cracks formed in thicker epoxy layers create more damage in the REBCO tape.
III. RESULTS AND DISCUSSIONS
We tested each coil at 77 K and the test results are provided in Fig. 4 . In Figs. 4 and 5, 'BI' stands for 'before impregnation' and 'AI' stands for 'after impregnation'. The markers in the figures are the measurements and the solid lines are fits to a power-law, V = V c (I/I c ) n , where V c is the critical voltage. The power-law fits describe our measurements well. Since the coils were slowly charged and the inductance, L, was low due to the low number of turns, inductive voltages, Ldi/dt, were below the noise level. I c slightly decreases with increasing the number of layers in the coil pack (see Fig. 4 ) as is expected since the higher field generated by the windings suppresses I c . n-values of each coil after the impregnation and after cold testing become smaller (see Table I ). I c values obtained with a 0.1 mV criterion for the coils after VIs are also smaller than those of coils measured before VIs. The biggest degradation was observed in the coil impregnated with an epoxy/MWCNTs mixture, coil 4. Epoxies with powders containing larger particles (coil 1 and 2) cause relatively less degradation. This could be due to the higher percentage powder addition in these coils.
The I-V curve for coil 2 reveals progressive degradation after repeated thermal cycles (see Fig. 5 ). In the figure, 'SC' and 'FC' stand for slow cooled and fast cooled, respectively. SC is explained earlier and fast cooled means that the coil was suddenly immersed into the cryogenic liquid. The fits are the solid lines, significant reduction of the n-values with repeated cycles is evident. The n-value drops more after each repeated cooling cycle indicating that the coil performance deteriorates more in each subsequent cycle. This also implies that degradation due to the epoxy impregnation is unpredictable and that even a low level of I c degradation does not guarantee that repeated cooling cycles do not result in further degradation. We observed a large number of eye-visible cracks in these highly degraded coils (coil 3 and 4), suggesting that the performance degradation was caused by formation of these cracks. To further elaborate, we tested the short samples as described ear- lier and observed similar crack formation (compare Figs. 2(b) and 6(a)). Some of them had large crack openings while others had small. After removing the epoxy-powder mixture, traces indicating plastic deformation of the copper stabilizer layer became visible in optical microscope (see Fig. 6(b) ) and in SEM (see Fig. 6(c) ) images. After the Cu stabilizer and the Ag protective layer were etched away to investigate the underlying structure using diluted sulfuric acid (H 2 SO 4 + H 2 O) and diluted ammonium hydroxide (NH 3 + H 2 O 2 ) solutions, respectively, we observed that the REBCO superconducting layer was extensively cracked and small fragments of REBCO (islands) had formed (see Fig. 6(d) and (e)). It seems that cracks were formed first and that further damage in the cracked area caused delamination (see Fig. 6(e) ). Thus, the formation of cracks in the epoxy causes the degradation of I c by creating cracks in the REBCO layer and delamination in the cracked areas increase this degradation even further. The SEM image taken slightly away from the plastic deformation zone showed no cracks (see Fig. 6(f) ). The mechanism is that the occurrence of these cracks in the epoxy cause plastic deformations in the Cu layer. Thicker epoxy causes more severe deformations and the energy deposited to the REBCO through the Cu and Ag layers is larger. This energy is enough to partially or completely destroy the REBCO thin film along the width of the tape. In these damaged locations current is being shared between the Cu cladding and the remaining superconducting regions depending upon the flux flow resistance of the superconducting path. This current flow generates a super-linear voltage growth, both due to the non-linear flux-flow resistance and the temperature dependent Cu-resistance resulting in IV-curves with extended tails at low currents, i.e., sample 5 in Fig. 7 . Sometimes the damage is extensive and the I c of the sample drops drastically, thereby, this gradual voltage increase is not obvious (sample 4 in Fig. 7) .
The short sample tests showed various n-value and degradations in I c s (see Fig. 7 ). In the figure, the markers are the measurements and the solid lines are the power-law fits to the experimental data. Similar to the coil test results, powders with particles of larger size are more effective and showed relatively less degradation. As large as 80% degradation on the I c was observed when smaller powders are introduced. In one sample, we mixed the epoxy with two different types of powders, Al 2 O 3 and diamond, (sample 1) at a relatively high percentage of 80%. The resultant epoxy mixture was very viscous which is acceptable for short-sample test but will require modifications for coil impregnation. This mixture showed almost no degradation. It is important to mention that this sample had the epoxy thickness ∼2 mm around. This thickness is relatively smaller than the other short samples and, therefore, the temperature gradient across the epoxy thickness is less in Sample 1. Combination of thinner epoxy and higher percentage of powder addition might be the reason for no degradation.
IV. CONCLUSION
The general conclusion from the experiments reported in this paper is that cracks in the epoxy degrade the performance of the REBCO coils. The cracks arise from thermal-gradient induced stresses associated with rapid cool down. The addition of powders into the epoxy helps to reduce cracks by increasing the fracture toughness. The thickness of the epoxy also plays an important role. Our short sample experiments indicate that if the thickness of the epoxy is limited (<2 mm) and the powder ratio is carefully adjusted depending on the viscosity, the VI technique can be employed for the epoxy impregnation of undulator magnets without any degradation. Alternatively, a bumper layer can be introduced between the epoxy (encapsulant) and superconductor to prevent I c deterioration in coils.
